ABSTRACT A poly(acrylonitrile) monolith having a three-dimensionally developed, continuous porous structure was uniformly coated with carbon nanotubes (CNTs) just by dipping the monolith in an aqueous dispersion of CNTs. This simple procedure successfully realized the modification of the monolith surface with the electron-conductive material. Cyclic voltammetry showed that electrochemical capacitance was indeed imparted to the CNT-coated monolith.
Introduction
Carbon materials with a three-dimensional (3D) porous structure are important in a wide range of applications such as adsorbers, catalyst supports, separation media, electrodes for batteries and fuel cells, and materials for hydrogen and carbon dioxide storage. These applications are brought about by their high surface area, large pore volume, chemical inertness, and excellent mechanical stability. 1, 2 One piece porous material which has a 3D continuous, interconnected porous structure is called monolith in the field of chromatography, which contrasted with conventional particulate stationary phase. For the last two decades, considerable attention has been paid on the monoliths due to their excellent permeability, fast mass transfer performance, high stability and ease of chemical modification. 3, 4 Taking advantage of these useful properties, monoliths have been utilized not only for separation, filtration, immobilization of biomolecules, and controlled drug release, but also as catalyst supports and templates for the synthesis of nanomaterials. 5, 6 Recently, we developed a novel method for preparation of polymer monoliths directly from polymer by means of phase separation. This thermally induced phase separation technique represents a very simple and straightforward approach to the formation of a monolith having a uniform mesoporosity without the assistance of any template. 7 A concrete procedure is described as follows: Polyacrylonitrile (PAN) is first dissolved in a mixture of solvent and non-solvent with heating. This is then cooled to room temperature. During this cooling process, the phase separation occurs in the polymer solution, which leads to the formation of a monolith having continuous mesoporosity with a large surface area. Note that the monolith thus obtained inherits the shape of the vessel where it forms. Therefore, the shape of the entire monolith can be easily modified by the choice of the vessel.
The PAN monolith can be subsequently converted to functional materials by thermal treatment or chemical modification. For example, a pyrolytically-generated carbon monolith with high CO 2 uptake ability 8 and a partially amidoximated monolith having efficient chelating ability toward heavy metals are reported. 9 Not only the PAN monolith but also other monoliths can be made by similar approaches we recently developed. For example, a nonsolvent induced phase separation (NIPS) method was applied for the fabrication of a monolith composed of polycarbonate by itself or blended with poly(3-hydroxyhexanoate).
1012 A poly(vinyl alcohol) monolith was also prepared by a thermally impacted NIPS method. 13 The present paper describes an easy and straightforward method for the preparation of a carbon nanotube (CNT)-coated PAN monolith in which a PAN monolith is simply dipped in an aqueous dispersion of CNTs. CNTs are allotropes of carbon with cylindrically shaped graphitic structures. Because of their extraordinary thermal conductivity, mechanical and electrical properties, CNTs have found various industrial applications in the field of nanotechnology, electronics, optics, materials science and technology. 14, 15 CNTs are widely used in electrochemical applications such as molecular electrode materials owing to their remarkable electrochemical properties. In this study, we examined the electrochemical capacitive behaviors of the CNT-coated PAN monolith by cyclic voltammetry (CV) measurements. The precursor PAN monolith was prepared by the aforementioned phase separation method that does not require any additives except solvents. This allows for a highly reproducible, large-scale preparation of a pure precursor material suitable for electrode applications. The monolithic structure also offers additional advantages in terms of, e.g., reduction of internal resistance in electrodes. In view of all these advantages, the present method that combines the PAN monolith with electrochemically active CNTs adds attractive options to design a new class of battery materials.
Experimental

Materials
PAN was purchased from Sigma-Aldrich. An aqueous dispersion of multi-walled CNTs with diameters of ca. 10 nm was kindly provided by Sumita Nanotechnologies Co. PAN monolith was prepared as depicted in Fig. 1 . 7 Both diameter and height of the columnar monolith were about 10 mm. The porosity and average pore size were ca. 85% and 89 nm, respectively. High-purity water was obtained by circulating ion-exchanged water through an Easypure water-purification system (Barnstead, D7403). Sodium sulfate (Nacalai Tesque) was dissolved in the high-purity water to 
Fabrication of CNT-coated PAN monolith
The PAN monolith was immersed in the aqueous CNT dispersion (1% in concentration). In 24 h, the monolith was taken out from the dispersion and washed with water, followed by drying in vacuo at room temperature to give the product.
Measurements and apparatus
Field emission scanning electron microscopic (FE-SEM) images were recorded on a JEOL 6500F instrument. A thin gold film was sputtered on the samples before the images were collected. The cuboid monolith with size of about 3 mm © 5 mm © 10 mm (height) and weight of ca. 27 mg was used as electrode. The CV measurement was performed at room temperature by using an electrochemical analyzer (100B/W, BAS) under argon atmosphere. The counter electrode was an Au wire, and the reference electrode was Ag/ AgCl/NaCl (3 M). The CNT-coated PAN monolith was immersed in 0.2 M Na 2 SO 4 in a reduced pressure for 1 h to fill the internal pores with the electrolyte solution. The monolith was then attached to the carbon cloth strip with an adhesive carbon tape.
Results and Discussion
CNT-coated monolith
The PAN monolith dipped in the CNT dispersion turned black. The cross-section of the dipped monolith was also found uniformly black. Even after the monolith was isolated from the dispersion and repeatedly washed with water, the color remained unchanged. This indicated that CNTs were strongly adsorbed on the monolith. Figure 2 shows FE-SEM images of the CNT-coated PAN monolith with different magnifications. In our previous study, 7 the nitrogen adsorption/desorption isotherms recorded on the monolith as well as the FE-SEM observations confirmed that it had both macropores and mesopores inside. The fibrous CNTs were observed to adsorb on the macropore surface of the monolith uniformly. These results indicate that an efficient coating of the monolith surface was achieved with CNTs by a simple method of just dipping the PAN monolith in the CNT dispersion. In contrast, a monolith of poly(methyl methacrylate) was found not coated with CNTs by a similar procedure. This suggests that the presence of a strong interaction between PAN and CNTs is a prerequisite for the successful coating of the PAN monolith with CNTs.
Electrochemical behaviors of CNT-coated monolith
The cyclic voltammetry for the CNT-coated PAN monolith was carried out in 0.2 M Na 2 SO 4 at 50 mV s ¹1 [ Fig. 3(a) ]. The CNTcoated monolith exhibited the electrochemical capacitive behavior in the potential window where the PAN monolith was electrochemically inert by itself. 16, 17 The higher capacitance was observed for the CNT-coated monolith (1.5 F g ¹1 ) than that for the carbon cloth lead without attaching the CNT-coated monolith [ Fig. 3(b) ], although the shape of the cyclic voltammogram was distorted probably due to insufficient electrical conductivity. Nevertheless, these data indicate that the CNT-coated monolith can serve as a porous electrode.
Conclusion
An inexpensive PAN monolith was successfully modified with CNTs just by dipping the monolith in an aqueous CNT dispersion. CNTs strongly adsorbed on the monolith coating its surface uniformly. Thus, this simple procedure conveniently imparts electrochemical capacitance to an electrochemically inactive PAN monolith. The unique monolithic structure offers promising prospects for the development of a new class of battery electrodes having Electrochemistry, 81(10), 789791 (2013) a significantly reduced contact resistance eliminating the potential problem of the contact resistance between particles inside conventional electrodes, and an improved volume energy density. Further investigations in this regard are underway in our laboratory.
